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Unified modelling of the thermoelectric properties in SrTiO3
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Thermoelectric materials are opening a promising pathway to address energy conversion issues
governed by a competition between thermal and electronic transport. Improving the efficiency is a
difficult task, a challenge that requires new strategies to unearth optimized compounds. We present
a theory of thermoelectric transport in electron doped SrTiO3, based on a realistic tight binding
model that includes relevant scattering processes. We compare our calculations against a wide panel
of experimental data, both bulk and thin films. We find a qualitative and quantitative agreement
over both a wide range of temperatures and carrier concentrations, from light to heavily doped.
Moreover, the results appear insensitive to the nature of the dopant La, B, Gd and Nb. Thus, the
quantitative success found in the case of SrTiO3, reveals an efficient procedure to explore new routes
to improve the thermoelectric properties in oxides.
PACS numbers:
In the context of critical energy and environmental is-
sues, there has been a recent increase of interest in ther-
moelectric (TE) materials, which have the property to
convert waste heat into electricity [1–6].The efficiency of
thermoelectric conversion depends on the value of the
dimensionless figure of merit ZT = S
2σT
κ
where S is
the Seebeck coefficient, σ the electrical conductivity, T
is the absolute temperature and κ the thermal conducti-
vity, usually dominated by phonon scattering processes.
So far, a large majority of efforts to improve ZT have fo-
cused on reducing the lattice thermal conductivity by
enhancing phonon scattering by processes such as al-
loying [7, 8], anharmonicity [9], or even by introducing
nanoinclusions/inhomogeneties into the bulk matrix [10–
12]. Clearly, further optimization of TE properties will
require an enhancement of the numerator of the figure
of merit called the thermoelectric power factor PF=S2σ,
thus an increase of the Seebeck coefficient while main-
taining a high electrical conductivity [13]. Improving the
thermoelectric figure of merit ZT is one of the greatest
challenges in material science. Among the wide family
of interesting TE materials such as skutterudite, Heusler
alloys, clathrates, binary tellurides or topological insula-
tors, oxides could be a good alternative. Indeed, these
compounds exibit other interesting properties such as
being environment friendly, they contain abundant ele-
ments, they are cheap, resistant and stable up to high
temperature. The perovskite material SrTiO3 (STO) is
particularly interesting because it has already a relatively
large power factor of the order of 20 µW/cm ·K2 com-
parable to that of the best known TE materials such as
Bi2Te3 [14]. However, because of its relatively high ther-
mal conductivity of κ ≈ 11 W/m ·K [15], the ZT of STO
is only 0.1. It is thus clear that the nanostructuration
of the material (reduction of the thermal conductivity)
combined with a judicious dopant could further boost the
PF and thus lead to large values of ZT. In this work, we
propose a detailed theoretical study of the TE transport
in STO and compare our results with a wide panel of
experimental published data for bulk and thin films. To
complete the latter, we present our thermoelectric measu-
rements on heavily La doped STO films epitaxially grown
by MBE on STO (001) substrate [16, 17].
First principles studies show that the lowest conduc-
tion bands (π∗) in STO have mainly the Ti d character
[18–21]. Therefore, instead of performing full ab initio
calculations, our strategy consists in building up a mini-
mum tight-binding (TB) Hamiltonian from the most re-
levant electronic bands. This allows more general discus-
sions and facilitates the identification of the relevant un-
derlying mechanisms just by tuning a single well-defined
physical parameter. First, we define the minimal but rea-
listic TB Hamiltonian for the t2g orbitals and then we
introduce the relevant scattering processes needed to ad-
dress the TE properties beyond the constant relaxation
time approximation.
The Hamiltonian reads, Hˆ = Hˆ0 + Hˆdis where,
Hˆ0 =
∑
ij,αβ
tαβij c
†
jβciα (1)
Hˆdis =
∑
i,α
ǫic
†
iαciα (2)
Hˆ0 is the TB part and Hˆdis describes the effects of di-
sorder (dopants substitution and intrinsic defects). |α〉,
|β〉 denote |xy〉, |yz〉 or |zx〉, the 3 t2g d-orbitals of Ti.
The integrals tαβij are restricted to nearest and next nea-
rest neighbour only. We also assume no hopping bet-
ween d-bands, e.g. tαβij = 0 if α 6= β. Resulting from
the symetry of the orbital, we have for the dxy-band
the following set of hoppings : in-plane nearest neigh-
bour t1, out of plane nearest neighbour t2 and in-plane
next nearest neighbour t3 (the out of plane hopping is
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Figure 1: (Top) Density of states and dispersion obtained
with both Siesta and within the minimal tight binding model
for the 3 t2g bands (blue dots). (Bottom) Tight binding mo-
del calculations of (i) the normalized density of states (blue
dashed line, right axis) and (ii) the reduced Drude weight
−〈Kx〉/N (blue continuous line, left axis) as a function of E.
The dashed vertical lines indicate the position of the Fermi le-
vel for dopant concentration ranging from x=0.015 to x=0.20.
negligible). The parameters are t1=0.277 eV, t2=0.031
eV and t3=0.076 eV as estimated in Ref. 22. The other
two bands (dxy and dzx) are obtained by applying a
circular permutation (x,y,z)→(y,z,x)→(z,x,y). The TB
Hamiltonian becomes, Hˆ0 =
∑
k,α ǫ
0
α(k)c
†
kαckα where
ǫ0xy(k) = −2t1 (cos(kxa) + cos(kya)) − 2t2cos(kza) −
4t3cos(kxa)cos(kya), where the lattice parameter a =
3.9 Å in STO. The on-site scattering potentials ǫi in Hˆdis
are chosen randomly within a box distribution of width
W. The treatment of Hˆdis is discussed in what follows.
The conductivity and the Seebeck coefficient are,
σ(µ, T ) = −
∫
Σ(E, T )
∂f(E, µ)
∂E
dE (3)
S(µ, T ) =
1
eTσ(µ, T )
∫
Σ(E, T )(E − µ)
∂f(E, µ)
∂E
dE (4)
where µ is the T-dependent chemical potential and
Σ(E, T ) = D(E)τ(E, T ), D(E) is the Drude weight cal-
culated at T=0 K. By analogy with the classical Drude
formalism, one can write D(E) = ne
2
mt
where n is the car-
rier density and mt the transport effective mass. τ(E, T )
Figure 2: Resistivity as a function of temperature : theory
(dashed lines) vs experiments (symbols). The data points on
bulk and thin films are taken from ref.14 and our measure-
ments. In the theoretical calculations, the concentration of
dopant is directly indicated in the figure.
is the energy and temperature dependent quasiparticle
lifetime.
D(E) is the order parameter for the metal-insulator
phase transition, and can be directly extracted from the
following sum rule [23–26],
D(E) = −
2
π
∫ +∞
0
σreg(ω,E)dω −
σ0
N~
〈Kˆx〉(E) (5)
where σreg is the regular (incoherent) part of the opti-
cal conductivity, σ0 = e
2
~a
= 6258 Ω−1 · cm−1, N is the
number of sites and Kˆx = −∂
2Hˆ
∂κ2
x
(κx = kxa).
In this study, we restrict ourselves to weak disor-
der regime, a justified approximation for samples exhi-
biting a good metallic behaviour. This regime corres-
ponds to kF le ≫ 1, where kF is the Fermi wave vec-
tor and le the mean free path. As will be seen, this is
indeed the case for most samples considered here. The
localisation effects expected to play a crucial role at low
temperature for low doping (typically below 1-2% in La
doped STO) are currently under investigation [27]. In
the weak disorder regime, D(E) is reduced to the se-
cond term in equation (5), since the transfer of weight
from the Drude peak to finite frequencies is small, hence
D(E) ≈ − σ0
N~
〈Kˆx〉(E). Note also that D(E) is domina-
ted by dxy and dxz bands that contribute equally, whilst
dyz band has a negligible contribution (the hopping in
the x-direction is very small). We now briefly discuss
the nature of the scattering rate. It has two contribu-
tions : 1
τ(E,T ) =
1
τdis(E)
+ 1
τth(T,E)
. τdis(E) denotes the
effect of disorder resulting from the cationic substitu-
tions and presence of other defects (intrinsic, dislocations,
grain boundaries) whilst τth(T,E) is the temperature de-
pendent part. Its origin is electron-phonon processes (e-
ph) and electron-electron (e-e) scattering. In oxides such
3Figure 3: Seebeck coefficient S as a function of tempera-
ture : theory vs experiment. The squares and circles are data
extracted from ref. 14 and the green diamonds from ref. 33.
Both triangles and purple diamonds have been obtained in the
present study. The continuous lines are the calculated values.
The dopant concentration is indicated in the figure.
as STO, several studies showing a T2 dependent resisti-
vity suggest that the e-e mechanism dominates over the
e-ph contribution up to relatively large temperatures [28–
31]. Thus, we consider this term only. Using the Fermi
golden rule we get ~
τdis(E)
= 2π〈ǫ2i 〉ρ(E) =
piW 2
6 ρ(E)
where ρ(E) is the density of states. The thermal contri-
bution has the form, ~
τth(E)
= C (kBT )
2
E−Eb
where C is a di-
mensionless constant and Eb the energy at the bottom of
the conduction band. There is no simple and direct way
to estimate C, it depends on the Thomas-Fermi scree-
ning length scale, carrier concentration and topology of
the Fermi surface. Below, we explain the procedure that
allows to set free parameters (C,W).
Fig. 1(top) shows the dispersion obtained from both
(i) ab-initio calculations (Siesta) and (ii) TB model des-
cribed previously. The Siesta calculations are performed
using the dζp basis and GGA [32]. We find an ex-
cellent agreement between both calculations, that fully
supports the 3 t2g bands Hamiltonian modelization. In
Fig. 1(bottom) we have also plotted both the calcula-
ted DOS and the reduced Drude weight −〈Kx〉/N as a
function of E. It can be seen that beyond 10 % doping
D(E) increases almost linearly. The corresponding Fermi
energy coincides with that of the kink in the DOS or edge
of the heavy electron bands as plotted in Fig. 1(top). Be-
low 10 %, we find D(E) ∝ (E − Eb)
5
3 , in contrast with
the free electron model for which the power is 3/2.
In Fig. 2 the resistivity is plotted as a function of tem-
perature. We set the free parameters C and W in such
a way that we reproduce the resistivity measurements
for 10% La doped sample of Ref.14 corresponding to a
carrier density of n = x/a3 = 1.7 1021 cm−3. More pre-
cisely W is set to reproduce R(T= 0 K) and C adjusted
to give R(T= 300 K) measured experimentally. The mo-
tivation for this choice is the good metallic behaviour
found for this concentration of dopant. This leads res-
pectively to W = 0.17 eV and C =24.5. These parame-
ters are now set for the whole study. This value of W is
consistent with the assumption of weak disorder regime,
indeed W ≪ Wb where the bandwidth of the conduc-
tion band Wb is of the order of 2 eV. We now discuss
the results of our calculations. First, for sufficiently large
doping (x ≥ 6 − 7%) we observe a very good quantita-
tive agreement between theory and experiment for the
whole range of temperature. Below (between 3-5%) some
deviations at low temperature between theory and expe-
riment are visible. Theory leads to slighly larger values
of the resistivity, the reasons for this could be manifold.
First, the simplicity of the model : the low energy band
structure (below the kink in the DOS) should be impro-
ved. Secondly, the electron-electron scattering rate used
here does not include the true nature of the d-orbitals.
In other words, the non spherical nature of the Fermi
surface resulting from the strong hopping anisotropy is
not taken into account. Finally, the presence of native de-
fects, such as oxygen vacancies, not included here, should
also have an effect. At much lower concentration below
1.5 %, it is experimentally observed that the resistivity
increases strongly [14]. A possible explanation could be
that at low density the Fermi level gets closer to the mo-
bility edge (separating extended from localized states).
Localization effects, not included in the present study,
should lead to a strong suppression of the Drude weight
(significant transfer of weight to the regular part of the
conductivity) and thus to an increase of the resistivity. If
we further decrease the carrier density, we expect a metal
to insulator transition below a critical concentration as
seen in Ref.14.
In Fig. 3 we have plotted the measured Seebeck coef-
ficient (S) as a function of temperature in both La and
Nb doped samples, together with the theoretical calcula-
tions. For large concentration (beyond 5%), we observe
an overall good quantitative agreement between theory
and experiments. At lower concentration, the agreement
is very good above 100 K, and below this temperature
the experimental data slightly deviates from the calcula-
tions. This larger measured |S| could be a consequence of
the Fermi level proximity to localized states region. This
feature is expected to become more pronounced as the
carrier density is further reduced, leading eventually to a
minimum in |S| at low temperature. This is for instance
observed in 1.5% La doped samples in ref.14 and 38. A
well defined minimum is clearly seen in both papers when
the electron density is small enough. Such a minimum is
often attributed to phonon-drag. However, the relevance
of this mechanism is still highly debated. Thus, it would
be of great interest to clarify for low doped STO, whether
the minimum is a signature of Anderson localization or
due to phonon drag.
We propose now to compare the calculated carrier de-
4Figure 4: Conductivity and Seebeck as a function of the do-
ping (x) at T = 300 K. From very dilute up to 20% do-
ped : Theory vs experiment. The inset shows the calculated
power factor PF (in µWcm−1K−2) for 3 different tempera-
tures. Experimental data (symbols) have been extracted from
ref. 14, 33–38 and from our measurements. The nature of the
dopant and material (bulk or film) is indicated in the figure.
Figure 5: Resistivity coefficient A as a function of the elec-
tron density x : Theory and experiment. Experimental data
have been extracted from ref. 14, 39, 40 for La, Nb, and Gd
doped STO and our measurements on La doped STO films .
pendent electric conductivity and Seebeck coefficient at
T = 300K to available experimental data. The results are
depicted in Fig. 4. The agreement found between theory
and experiments is very good for carrier density sprea-
ding over four decades (extremely low to heavily doped).
The agreement is almost insensitive to the electron do-
nor (La, Nb & B) and to the nature of the sample (bulk
or thin films). The conductivity varies over four decades
and is impressively well reproduced by the theory. This is
especially surprising considering the simplicity of our rea-
listic TB model. The Seebeck coefficient varies from -60
µV ·K−1 at about x=0.20 to -900 µV ·K−1 for x=10−5.
The quantitative agreement is again very good for the
overall range of carrier concentrations and weakly de-
pends on the dopant and nature of the sample. A de-
viation can be seen below x=0.001, the measured S are
more dispersed but slightly higher than those calculated
by about 10-15%. This small deviation could be attribu-
ted to localization effects. It is important to remember
that as the temperature is reduced the effect of locali-
zation should become more pronounced. In the inset, we
have plotted the calculated power factor (PF) as a func-
tion of x for three different temperatures. First, we ob-
serve a maximum located at x ≈ 0.1 (for T=300 K) that
progressively shifts towards lower concentrations as the
temperature is decreased. The PF increases significantly
with the temperature. This results from a stronger in-
crease of S2 that overcompensates the reduction of the
conductivity. At T= 300 K, we obtain a relatively high
value for the power factor PF=43 µW/cm ·K2 that is in
good agreement with recent measurements in La doped
thin films [35]. A secondary peak in PF is observed for the
lowest temperature, this is attributed to the kink in the
DOS (see Fig. 1). This figure illustrates nicely the univer-
sal character of the present theoretical approach for the
TE properties in STO. It is important to stress that, at
T=300 K and over the whole range of carrier densities,
our calculations reveal that the scattering rate is control-
led by C only. Thus, the conductivity is inversely propor-
tional to C and the Seebeck coefficient is independent on
both parameters. Thus, the crucial ingredients are (i) the
realistic band structure and (ii) the T2/E dependence of
the e-e scattering rate.
In the last section we discuss the T dependence of the
resistivity (in metallic samples only). Due to the e-e scat-
tering mechanism, the resistivity can be accurately fitted
by R(T ) = R(0) + AT 2. Indeed, it has been shown re-
cently by Lin et al. [41] that the T2 law persists down to
very low concentration of dopants. Similar experimental
results have been reported as well in Ref.42. In Fig. 5 we
plot the variation of A with the electron density, but our
concern here is the comparison between theory and expe-
riment. Thus, it is sufficient to restrict ourselves to data
ranging from intermediate to heavy doping. In Fig. 5, we
find that the agreement is very good above x = 0.03.
Beyond 8% doping, the variation of A with respect to
x is very weak (almost flat). Below 3-4%, A varies very
strongly as x is reduced, and a deviation from the mea-
sured values is observed. Note however, that the data
become very dispersed as seen for instance in the 2% do-
ped compounds. It should also be mentioned that the
measured carrier concentrations are not precisely known
which could also contribute to the observed deviation. In
addition, at low carrier densities, the details and nature
of the disorder may play a role. From this figure we can
conclude that the overall agreement is rather good.
To conclude, in this study that combines theory and
experiments we have addressed the thermoelectric pro-
perties in electron doped SrTiO3. Our theory based on
5a realistic 3 bands tight binding model that includes re-
levant scattering processes (weak disorder and e-e scat-
tering mechanism) captures qualitatively and quantitati-
vely well the electronic transport properties in these com-
pounds. The agreement found between theory and expe-
riments covers a wide range of concentrations, from very
low to heavily doped. The results are weakly sensitive to
the dopant La, Nb, B and even Gd and to the nature
of the material, thin films or bulk. The calculations show
that STO can already exhibit a relatively high power fac-
tor of 43 µW · /cm ·K2 at room temperature for about
10% doping. This is in good agreement with recent expe-
rimental data. This study provides an efficient procedure
to explore new pathways to improve the thermoelectric
properties in oxides and other families of compounds. It
should also facilitate the search for new dopants and al-
low for including effects such as nanostructuration and
localization.
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